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The spatiotemporal evolution of temperature of leaves-on-branchlet carbon based
electric double layer capacitors (EDLCs) under imposed constant current was studied using
a continuum thermal model. The hot spot aggregated at the tips of graphene petals (GPs),
particularly at the high concave surface, at the beginning of the charging step. As the
charging proceeded, the overall temperature rose continuously, and the temperature
distribution was likely uniform throughout the graphene petals due to an increasingly
uniform distribution of ions on GPs surfaces. To elucidate the effects of electrode geometry
on the change of temperature, several simple two-dimensional structures were also
simulated in the charging step. Concave and planar structures contributed to high
temperature change, while a convex structure tended to alleviate the hot spot. An insight
into geometric effects on the thermal behavior may lead engineers to develop a new class
of nanomaterials for supercapacitors.
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CHAPTER I
INTRODUCTION
Electric energy storage system has become increasingly important to our society.
For the electricity grid, energy storage devices have been installed to balance the electric
load so that intermittent energy sources such as solar can be effectively added to the power
grid. Electrical energy storage is also the crucial part in modern hybrid electric vehicles
(HEV), and all-electric vehicles (EV), which reduce the use of fossil fuel massively.
Furthermore, improvements in portable electrical devices such as smartphones also rely on
the advancement of electrical energy storage system.
1.1

Classification of electric energy storage
There are two major types of electrical energy storage: chemical energy storage and

capacitive energy storage. Chemical energy storage such as batteries and fuel cell stores
energy via chemical reaction occurring at the interface of electrode/electrolyte [1-3]. By
contrast, capacitive energy storage including dielectric capacitors and supercapacitors
physically stores energy via the separated electronic (or ionic) charge [1–3]. Figure 1.1
shows the comparison of performance between different energy storage system in term of
specific power (W kg-1) against energy (Wh kg-1).

1

Figure 1.1

1.1.2

Ragone plot of different type of energy storage system (from Ref. [1]).

Batteries
Batteries typically store energy in the form of chemical reactions. A typical battery

cell consists of three major components: electrodes, electrolyte and a separator. Over the
past decade, the rechargeable lithium-ion (Li-ion) batteries have gained much popularity
due to their light weight and high energy density [1-3]. For commercial Li-ion batteries,
the anode and cathode are generally made of graphite and a metal oxide (such as cobalt
oxide), respectively. Figure 1.2 depicts the schematic of Li-ion batteries. During charging,
electrons move from the cathode to the anode through the external circuit, while Li ions
flow from the cathode to the anode through the separator [1-3,4]. For discharging, electrons
and Li ions move in the reverse direction. Li-ion batteries offer high energy density since
the energy is stored chemically throughout the volume of electrodes. However, ion

2

intercalation generally causes phase changes and volume expansion of the electrode
materials that usually result in short cycle life [1-3].

Figure 1.2

1.1.3

The schematic of Li-ion batteries composing of anode, cathode, electrolyte,
a separator from Ref. [4]

Dielectric capacitors
A conventional dielectric capacitor composes of two electrodes separated by a

dielectric material (electrical insulators) such as air, ceramics, and plastics. In the charging
step, one electrode holds a positive charge, and another one holds a negative charge [1-3].
An electric field inside induces polarization in the dielectric as shown in Figure 1.2. The
capacitance of parallel plate capacitors can be expressed as
𝐶=

𝜀0 𝜀𝑟 𝐴
𝑑

,

(1.1)

where 𝜀0 is absolute permittivity (8.85 x 10-12 F m-1), 𝜀𝑟 is the relative permittivity of
dielectric materials, A is the cross-sectional area of the plate, and d is the distance between
two charged plates [1-3]. The dielectric capacitance features high specific power, but
3

suffers from low capacitance since charge is stored only at the dielectric interface [1-3].
Based on Equation 1.1, the capacitance can be improved by (i) using a dielectric material
that possesses high relative permittivity, 𝜀𝑟 , such as water, (ii) increasing cross-sectional
area, (iii) reducing the distance between two plates [2,3]. In addition, thanks to the absence
of chemical reaction and ion insertion at the interface, dielectric capacitors are highly
reversible, and thus offer long cycle-life [2,3].
1.1.4

Electrochemical capacitors
Electrochemical capacitors, also called supercapacitors, consists of two oppositely

charged electrodes immersed into an electrolyte with a separator. Their performances lie
between dielectric capacitors, providing high specific power but low specific energy
density, and batteries, offering high specific energy but low specific power [1-3].
Supercapacitors can be subdivided into two major types: electric double layer capacitors
(EDLCs) and pseudocapacitors [1-3]. EDLCs physically store energy within an electric
double layer, forming by counterions and electric charges at the interface of porous
electrode and electrolyte as shown in Figure 1.3 (a). The distance of the charge separation
is in the order of Angstroms, and porous electrodes usually possess a high surface area.
Theoretically, according to Equation 1.1, EDLC devices feature considerably higher
capacitance comparing with dielectric capacitors. Moreover, the cycle life of the EDLCs
can easily reach 1 million cycles due to the absence of chemical reaction [2,3]. On the other
hand, the mechanism of pseudocapacitors is likely the combination of EDLCs and
batteries. Pseudocapacitors store electrical energy via both the double layer and fast redox
reaction at either side of the electrodes as shown in Figure 1.4 (b) [2,3]. Therefore,
pseudocapacitors offer higher specific capacitance but lower cyclability than EDLCs [2].
4

Also, hybrid capacitors can be achieved by matching one electrode that stores charge only
via the double layer, and one that stores charge both physically and chemically [2].

Figure 1.3

Schematic of a dielectric capacitor

Figure 1.4

Schematic of (a) an EDLC and (b) a pseudocapacitor.
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1.2

Bioinspired leaves-on-branchlet carbon structure for supercapacitors
The benefits of EDLCs include the ability to deliver high specific power, wide

operating temperature range, and fast charging capability, but exclude comparatively high
capacitance. The capacitance of capacitive energy storage can be increased with increasing
electrode accessible surface area. Thus, activated carbon, which features a high specific
area and high electrical conductivity, are widely used as porous electrodes in commercial
supercapacitors [2]. However, the demand for the higher capacitance supercapacitors
grows continuously. Consequently, research on high surface-to-volume ratio nanomaterials
such as graphene, carbon nanotubes, and carbon nanofibers have widely received much
attention in academia and industries [5]. Those nanomaterials show a high potential to
achieve outstandingly high capacitance and excellent electrochemical performance [5].
Inspired by the natural phenomenon that leaves possess a high surface area to
exchange gases with the environment for photosynthesis, G. Xiong et al. [6] recently
developed a new electrode design, leaves-on-branchlet structure for supercapacitors. The
illustration of hieratical carbon structure is shown in Figure 1.5 (a). In the nanoscale,
graphene petals (GPs), acting as leaves, possess a large surface area to attract counterions
from the electrolyte. Carbon nanotubes (CNTs), serving as branches, were decorated with
GPs as shown in Figure 1.5 (b). In the higher length scale, a stack of CNTs formed a heartshape hollow channel of micro-conduit as shown in Figure 1.5 (c). GPs not only exhibited
the sharp edges that enhanced the electrochemical performance but improved the
mechanical robustness of the highly ordered CNTs structure under harsh operating
conditions as well [6]. Furthermore, the micro-conduit effectively facilitated ion diffusion,
significantly improving electrochemical performance [6]. As a result, the leaves-on6

branchlet carbon electrode structure reached extremely high areal capacitance of 2.35 F
cm-2 [6]. Figure 1.6 illustrates the comparative performance of the leaves-on-branchlet
carbon electrode and other different electrical energy storage devices. The plot shows that
the energy density of the leaves-on-branchlet carbon-based supercapacitors reaches 16.4
Wh kg-1, and delivers power density up to 27 kW kg-1, which are higher than those newly
developed supercapacitors [6].

Figure 1.5

(a) Schematic of the hieratical carbon structure. (b) leaves-on-branchlet
hybrid carbon nanostructure (c) A CNT/GP micro-conduit in a heart shape.
(from Ref. [6]).
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Figure 1.6

1.3

Ragone plot of a commercial supercapacitor, a Li-ion thin film battery,
recently developed supercapacitors, an electrolytic capacitor, and the leaveon-branchlet structure based EDLCs (from Ref.[6]).

Thermal effects on supercapacitors
EDLCs are usually used in high power applications, and this results in huge amount

of internal heat generation rate, thus leading to a rapid rise in temperature. Unfortunately,
the elevated temperature has several adverse effects on the performance of supercapacitors
including accelerated aging [2,7], self-discharging [2,8], and evaporation of electrolytes
[2].
Many studies on commercial supercapacitors reveal that high operating
temperatures accelerated the aging rate. The increased temperatures induce undesireble
chemical

reations,

and

possibly

enhance
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decomposition

reactions

at

the

electrode/elecctrolyte interface, which lead to a significant decrease in capacitance [2]. As
a rule of thumb, an increase in temperature of 10 C° leads to 2 times shorter cycle-life [7].
Furthermore, high temperatures result in higher ionic mobility, leading to higher
leakage current or self-discharging [2]. The relationship between the leakage current and
temperature can be described by using an Arrhenius equation:
𝐸

𝐼𝑙𝑒𝑎𝑘𝑎𝑔𝑒 = 𝐴 exp (− 𝑅𝑇𝑎 ),

(1.2)

where the activation energy is ranging from 40-80 kJ mol-1 depending on controlled
processes [8]. The Arrhenius equation indicates that at the operating temperature of 70 C°,
the leakage current can be 37 times higher than those supercapacitors operating at 0 C° [2].
Lastly, evaporation of electrolyte likely occurs at high temperature beyond the
operating range: 70 ºC for an organic electrolyte, and 80 ºC for an aqueous electrolyte [2].
Pressure build-up due to the electrolyte evaporation and decomposition gases could
deteriorate the overall electrochemical performance of supercapacitors and even cause a
safety concern [2]. Moreover, some organic electrolytes are flammable, and harmful to
human and environment [2].
1.4

Motivation
Recently developed supercapacitors containing the bioinspired leaves-on-branchlet

carbon nanostructure electrode exhibited incredibly high areal capacitance, outstanding
electrochemical and mechanical performance [6]. Supercapacitors generally are used in
high voltage/current applications, thus resulting a sharp rise in internal temperature change.
However, eleviated temperatures accelerate EDLC aging, induce self-discharging rate, and
even cause evaporation of electrolytes. Thermal management is thus required to prevent
9

failure. To do so, the understanding of the thermal behavior on the leaves-on-branchlet
nanostructure electrode is first needed.

1.5

Objective
This research aims to apply the continuum physic-based thermal model to study the

evolution of the local internal heat generation rates of EDLCs consisting the leaves-onbranchlet carbon electrode. First, this thermal model will be validated quantitatively to the
measured temperature from experiments. After that, the thermal model will be then applied
to predict the local internal heat generation rates of the 3D sophisticated electrode structure.
The results may lead to the development in thermal management strategies for the leaveson-branchlet carbon electrode for EDLCs.

10

CHAPTER II
BACKGROUND AND LITERATURE REVIEW
2.1

Structure of the electric double layer
Various electric double layer models have been proposed as illustrated in Figure

2.1. Helmholtz suggested that a charge electrode immerses into an electrolyte solution
attracts counter-ions, but repels co-ions [2,9]. Counterions are highly concentrated and thus
form a monolayer in the electrolyte near the electrode interface. Therefore, there are two
layers with the opposite charge in the system: one in the electrolyte formed by counterions,
one in the electrode formed by the electric charge as shown in Figure 2.1 (a). Similar to
parallel plate dielectric capacitors, the capacitance can be approximated by using Equation
1.1. However, the experiment studies indicated that the capacitance also depends on
electric potential and ion concentration [10].
Gouy and Chapman modified Helmholtz model by considering that ions are
continuous and mobile in the electrolyte under the competing influences of diffusion due
to ion concentration gradient and the electrostatic force due to the electric field [9]. This
region is called the diffuse layer. However, since this model considers ions as point
charges, using this model might result in the unrealistic predicted ion concentration and
overestimated capacitance [9].
In 1924, Stern combined Helmholtz and Gouy-Chapman model. The Stern model
consists of two separate regions: one is the Stern (or Helmholtz) layer, one is the diffuse
11

layer as shown in Figure 2.1 (c). The stern layer contains no ion species, and its thickness
relates to the closest distance between absorbed ions and the electrode, thus in order of
Angstrom [2,9]. By contrast, the diffuse layer contains mobile ions moving under the
coupled effects of electrostatic and diffusion [2,9]. This model very well describes the
behavior of EDLCs observed experimentally [9].
In 1947, Grahame improved the Stern model by suggesting that the closest distance
that ions can approach the charged surface depends on the type of absorption force. Ions
absorbed by specific (or covalent) force form the inner Helmholtz layer (IHP), while the
ions absorbed by non-specific (or electrostatic) force form the outer Helmholtz layer
(OHP), or Stern layer. However, IHP is neglected in most computational models [9].

Figure 2.1

Schematic of electric double layer structure proposed by (a) Helmholtz, (b)
Gouy-Chapman, (c) Stern, and (d) Grahame (from Ref. [10]).
12

2.2
2.2.1

Experimental studies
Measured temperature of EDLCs
Figure 2.1. illustrates the temperature profile of commercial supercapacitors tested

under galvanostatic cycling in the insulated chamber by Schiffer et al. [11]. The overall
temperature rose linearly with oscillation during testing. The irreversible Joule heating,
which is proportional to the square of the imposed current, contributed to a linear increase
in temperature [11]. The fluctuation of the temperature profile was the result of the
reversible heat related to entropy change [11]. Heat was released as ions form the double
layer at the electrode interface during charging, and then is absorbed as ions diffuse back
to the electrolyte during discharging.
Additionally, Schiffer et al. measured the temperature at the surface of
supercapacitors, while the supercapacitors internally generated heat. Heat took time to
dissipate by conduction. Thus a delay in temperature change (or phase shift) can be
observed [11].
Moreover, Gualous et al. [12] tested commercial supercapacitors, BCAP350F,
under constant current cycling at room temperature (not insulated). Thermocouples were
placed at many locations inside the supercapacitors to analyze the internal temperature rise.
The overall temperature increased significantly at the beginning, then reach the steadystate temperature with oscillations due to the balance between the rate of convective heat
loss and the irreversible Joule heat [12,14]. The core of supercapacitors exhibited the
highest temperature change and the largest temperature oscillation. The temperature
change and oscillation tend to decrease gradually as away from the core due to convective
heat dissipation on the external surface [12]. The difference between the measured
13

temperatures at the core and the external surface was approximately 3 ºC [12]. This
indicated that though the temperatures on the surface swing in the operating temperature
range, the local failure of the supercapacitors might occur as internal temperatures possibly
exceed the safe range.

Figure 2.2

2.2.2

The measured temperature of insulated commercial supercapacitors Nesscap
5000F at the constant current of ±100A. Duration for each cycle is 200 s
(from Ref. [11]).

Measured heat generation rates of EDLCs
Munteshari et al. [14] measured the heat generation rate at positive and negative

activated carbon electrodes under galvanostatic cycling by using an in-lab fabricated
isothermal calorimeter. The results indicated that the overall reversible heat generation of
the entire device was exothermic during charging and endothermic during discharging, as
illustrated in Figure 2.3 (a). This finding agrees with both previously reported experimental
[15] and theoretical studies [9,10]. However, though both the cathode and anode are
identical, the reversible heat profile at the anode and cathode was significantly different
14

regardless of the types of electrolytes. At the cathode, the reversible heat was exothermic
during charging and endothermic during discharging. On the contrary, at the anode, the
reversible heat was both exothermic and endothermic during charging/discharging [14].
More recently, Munteshari et al. [18] applied their isothermal calorimeter to study
the effect of the electrode composition on reversible heat generation rates. For devices
containing carboxymethylcellulose (CMC), the reversible heat was positive and negative
during both charging and discharging, and the reversible heat generation at the positive
electrode was larger than that at the negative electrode. However, devices with the absence
of CMC, nearly identical heat generations at positive and negative electrodes were
observed [18]. This was because CMC interacted with cations near the negative electrode,
thus involving overscreening effect that attributed to asymmetric charging mechanism
[18]. These findings led to the explanation of the asymmetric heat generation in devices
involving identical electrodes.

15

Figure 2.3

2.3
2.3.1

Measured of heat generation rate (a) for an entire cell (b) at the positive
electrode (c) at the negative electrode as a function of time for three different
devices. Device 1-3 used 1 M LiPF4 in EC: DMC, 1 M citric acid in water,
and 1 M TBATFB in CAN, respectively (from Ref.[14]).

Existing thermal modeling of EDLCs
Fundamental thermal models
Schiffer et al. firstly [11] suggested that the heat generation rates inside EDLCs

composes of the irreversible heat and reversible heat. The irreversible heat is associated
16

with Joule Heat, which is proportional to the square of input current and can be expressed
as
𝑄𝑖𝑟𝑟 = 𝐼(𝑡)2 𝑅,

(2.1)

where 𝐼(𝑡) is the imposed current and R is the overall resistance of EDLCs. The irreversible
heat is always exothermic, and thus relates to a linear increasing of temperature [11].
The reversible heat contributes to the oscillation of measured temperature under
constant-current cycling [11]. In the charging step, entropy decreases as ions are highly
ordered near the electrode/electrolyte interface to form the double layer. In the discharging
step, entropy increases as ions return to the bulk electrolyte. To satisfy the second law of
thermodynamics, heat is released with decreasing entropy and is absorbed with increasing
of entropy. Entropy change and reversible heat can be expressed as
𝑉

∆𝑆 = 2𝑘𝐵 ln( 𝑉𝐻 )𝑁 ,
0

𝑄𝑟𝑒𝑣 = 2

𝑇𝑘𝐵
𝑒

𝑁

𝑉

ln ( 𝑉𝐻 ) 𝐼(𝑡),
0

(2.2)
(2.3)

where ΔS is entropy change, kB is Boltzmann constant, T is average temperature, V0 is the
total volume of electrolyte domain that ions become equally distributed in the discharging
stage, VH is the total volume of Helmholtz double layer forming at the electrode/electrolyte
interface in the charging step, N is the number of ions of each kind that counterbalance the
charge in each electrode [11]. This model suggested that the magnitude of reversible heat
is proportional to the imposed current. The predicted temperature change using this thermal
model fitted the experimental results very well with the ratio of ln (VH/V0) that is in a
theoretically acceptable range [11]. Even though this model can be used to describe the
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fluctuation of temperature in supercapacitors, it is not very practical as VH and V0 are
needed to be approximate, thus possibly resulting in considerable uncertainty.
Alternatively, X. Zhang et al. [19] derived the reversible heat from the relationship
between surface Gibbs free energy and the electric energy at the electric double layer
interface. The reversible heat is a function of the imposed current, and mean ionic activity
of the electrolyte (𝑎±𝑖 ) in the charging and discharging state, can be expressed as
𝑄𝑟𝑒𝑣 = −2

𝑇𝑘𝐵
𝑒

𝑎

ln (𝑎±2 ) 𝐼(𝑡).
±1

(2.4)

The merit of this thermal model is that total volume in the electrolyte (V0) and the electric
double layer (VE) are not required. The results indicated this model could capture the
oscillation of temperature during cycling and very well fit the temperature profile obtained
from various experimental studies. However, though the authors articulately discussed the
equations used to derive mean ionic activity 𝑎±𝑖 , the values used in their studied were not
clearly reported.
2.3.2

Continuum-approach models
D’Entremont and Pilon [16] developed a continuum model to predict the temporal

and spatial evolution of temperature by coupling heat transfer equations with the modified
Poisson-Nernst-Plank equations. The heat generation rate terms were derived based on
first-principles by assuming binary and symmetric electrolyte under galvanostatic cycling.
This model accounts for the Stern layer, the diffuse layer, and the finite ion size. The total
heat generation rate can be divided into reversible and irreversible heat terms,
𝑞̇ 𝑡𝑜𝑡𝑎𝑙 = 𝑞̇ 𝑖𝑟𝑟 + 𝑞̇ 𝑟𝑒𝑣 .
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(2.5)

The irreversible heat term is related to Joule heating, which is proportional to the square of
ionic current density 𝒋 (A m-2), and can be expressed as
𝑞̇ 𝑖𝑟𝑟 =

|𝒋|2
𝜎

,

(2.6)

where 𝜎 is electrolyte conductivity. The reversible heat can be written as the sum of four
heat generation terms:
𝑞̇ 𝑟𝑒𝑣 = 𝑞̇ 𝑑 + 𝑞̇ 𝑠 + 𝑞̇ 𝑐 + 𝑞̇ 𝑇 .

(2.7)

Here, 𝑞̇ 𝑑 and 𝑞̇ 𝑠 represent the heat generation rate due to diffusion, and steric effects,
respectively. In the charging step, heat is released as ions travel in the direction of
decreasing potential energy, while in the discharging step, heat is absorbed as ions consume
energy to diffuse back to the bulk electrolyte against electric forces [9,16]. The last two
terms, 𝑞̇ 𝑐 and 𝑞̇ 𝑇 , represent the heat generation rate corresponding to the heat of mixing,
which can be written as a function of concentration and temperature gradients, respectively
[9,16]. For 𝑞̇ 𝑐 , during charging, ions release energy as they move from the bulk
concentration to the high concentration region located at the electrode/electrolyte interface,
resulting in decreased entropy [9,16]. For 𝑞̇ 𝑇 , ions release energy as they move from high
temperature to lower temperature, resulting in reduced entropy [9,16]. Simulation of 1D
planar electrodes shows that the irreversible heat remained uniform and constant in the
bulk electrolyte under constant-current cycling, and was always exothermic, but it
significantly decreased near the electrode/electrolyte interface because of a sharp increase
in ionic conductivity [16]. On the other hand, the reversible heat largely accumulated and
oscillated within the vicinity closed to the electrode/electrolyte interface [16]. The huge
amount of heat is released in the charging step and is absorbed in the discharging step,
resulting in fluctuation in the temperature profile. The predicted temperature profile was in
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qualitative agreement with the results from experiment, but was not able to compare
quantitatively due to the complexity of porous behavior of the electrodes and the packaging
of commercial products.
Moreover, d’Entremont and Pilon [20] performed scaling laws analysis to reduce
computational cost and to develop a design guideline for thermal management strategies.
Many interesting insights into the reversible heat were reported. First, the reversible heat
was only dependent on the electrolyte properties, and the imposed current density [20].
Secondly, in one charging/discharging cycle, the amount of heat released during charging
and heat consumed during discharging were equal, despite the differences in the magnitude
of charging and discharging current density [20]. Moreover, for electrolytes possessing
large valency of ions, the heat arising from concentration gradient, 𝑞̇ 𝑐 , was likely to
contribute the most to the total reversible heat. Lastly, the reversible heat tend to be
independent of diffusion coefficient of ion species [20].
In addition, d’Entremont and Pilon [17] also generalized their model to account for
the asymmetric electrolyte properties which better reflect the realistic cases. The study on
the effect of the asymmetric electrolyte was performed in 1D calculation with varying such
electrolyte properties as ion valency, effective diameter, and diffusion coefficient. The
irreversible heat decreased with increasing ion valency and diffusion coefficient. The
reversible heat decreased with decreasing ion valency and increasing ion diameter and was
independent of diffusion coefficient [17]. These findings indicated that selecting the
electrolyte containing ion species featuring large diameter and small ion valency could help
to alleviate temperature change. However, the overall capacitance of EDLCs might be
compromised [17]. Additionally, the authors suggested that increasing bulk ion
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concentrations and selecting ions possessing large diffusion coefficient could be done to
reduce heat generation rate [17].
Furthermore, d’Entremont and Pilon [21] also improved their continuum model to
capture the thermal behavior of hybrid pseudocapacitors. To achieve this, the total current
density was divided into capacitive current and faradic current at the interface of the
pseudocapacitive electrode and electrolyte [21]. Capacitive current corresponds to the
electric double layer, and Faradic current corresponds to the faradic reaction, which can be
predicted by using Butler-Volmer equation. In addition to heat generation terms in EDLCs
derived in [16], two heat generation terms were added at pseudocapacitive
electrode/electrolyte interface: one was associated with surface overpotential, and one was
related to Peltier coefficient [21]. It was found that at low imposed current densities, the
heat generated due to faradic reaction at the pseudocapacitive electrode was larger than the
heat generated due to the formation of the electric double layer, and it was the opposite for
the high imposed current density [21]. Moreover, both exothermic and endothermic heat
were observed at the pseudocapacitive electrode at either the charging and discharging step
[21].
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CHAPTER III
THERMAL MODEL VALIDATION
The physical continuum thermal modeling of EDLCs developed by d’Entremont
and Pilon [9] was used in this work. However, this thermal model had not yet been
validated quantitatively to the experiment results because to simulate EDLCs accounting
for the porous behavior of the electrodes (3D) for the whole device would require huge
computational costs. The calculation on a planar electrode (1D) was possible but could not
capture the temperature evolution of commercial supercapacitors under cycling.
Nevertheless, the model must be first validated before applying to predict the thermal
behavior of the leaves-on-branchlet electrode structure under operation. This section aims
to discuss the additional assumptions that were made to allow the use of 1D calculation for
validation purpose. The detailed calculations were also provided.
3.1
3.1.1

Thermal continuum model
Model assumptions and schematic
The thermal continuum model applied the Stern model, which divides the

electrolyte into two distinct regions, namely the Stern layers and the diffuse layer. The
Stern layers contained no chemical species, while the diffuse layer contained ion moving
under the coupled influences of electrostatic force and diffusion. The thermal continuum
model was derived based on the following assumptions : (i) there was no chemical reaction
and ion insertion into the electrodes. (ii) The electrolyte consisted of one positive and one
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negative chemical species. (iii) The dissociation of the electrolyte was complete. (vi) The
advection was negligible. (v) Electrolyte properties were constant. (vi) The thickness of
the stern layer was the half of effective ion radius, H = a/2. (vii) The EDLC cell was
insulated [9,16]. Figure 3.1 illustrates the 1D schematic of EDLCs. The cathode, C, was at
x = 0, and the anode, A, located at x = L. The Stern layer located in the electrolyte next to
each electrode surface. The cathode was subjected to the charge/discharge imposed current
density, 𝑗𝑠 , and the anode was set ground.

Figure 3.1
3.1.2

The 1D schematic of EDLCs

Governing equations
The spatiotemporal evolution of ion concentrations, 𝑐𝑖 (𝑥, 𝑡), and local electric

potential, 𝜑(𝑥, 𝑡), were governed by the modified Poisson-Nernst-Planck equations,
accounting for the Stern layers, and finite ion size. The generalized forms can be written
as
𝛻 ∙ (𝜀0 𝜀𝑟 𝛻𝜑) = {
𝜕𝑐𝑖
𝜕𝑡

0,
,

−𝐹 ∑𝑛𝑖=1 𝑧𝑖 𝑐𝑖

= −𝜵 ∙ 𝑵𝒊

in the Stern layer
,
in the diffuse layer

in the diffuse layer,
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(3.1)
(3.2)

𝑵𝒊 = −[𝐷𝑖 𝛻𝑐𝑖 +

𝑧𝑖 𝐹

𝐷 𝑐 𝛻𝜑 +
𝑅𝑇 𝑖 𝑖

𝐷𝑖 𝑁 𝐴 𝑐𝑖
∑𝑛𝑖=1 𝑎𝑖3 𝛻𝑐𝑖 ],
3
1−𝑁𝐴 ∑𝑛
𝑖=1 𝑎𝑖 𝛻𝑐𝑖

(3.3)

where 𝜖0 and 𝜖𝑟 are the absolute permittivity and relative permittivity, respectively. Di, zi,
and 𝑎𝑖 are diffusion coefficient, valence and effective diameter of chemical species “i”,
respectively. F denotes the Faraday constant (F = 96,485 C mol-1). NA is the Avogadro
constant (NA = 6.022 x 10-23 mol-1). R is the universal gas constant (R = 8.314 J mol-1 K-1).
𝑵𝒊 represents local ion flux vector of chemical species “i”. The first and second terms one
on the right-hand side of Equation 3.3 described ion fluxes from diffusion and
electromigration, respectively. The third term accounted for steric effects arising due to
finite ion size. The steric term was added to ensure that ion concentrations could not exceed
the theoretical maximum concentration, 𝑐𝑚𝑎𝑥 = 1⁄𝑁𝐴 𝑎𝑖3 . Equation 3.1 and 3.2 are coupled
as the local electric potential and distribution of ion concentration depend upon each other.
The spatiotemporal evolution of temperature can be governed by the energy
conservation equation, which can be expressed as
𝑑𝑇

𝜌𝐶𝑝 𝑑𝑡 = 𝑘𝛻𝑇 + 𝑞̇ ,

(3.4)

where 𝜌 is the density of electrolyte (in kg m-3), 𝐶𝑝 is the specific heat capacitance (in J kg1

K-1), k is thermal conductivity (in W m-1 K-1), and 𝑞̇ is the total heat generation rate. The

total heat generation rate comprises of the reversible heat, 𝑞̇ 𝑟𝑒𝑣 , and the irreversible heat,
𝑞̇ 𝑖𝑟𝑟 (in W m-3),
𝑞̇ = 𝑞̇ 𝑟𝑒𝑣 + 𝑞̇ 𝑖𝑟𝑟 .

(3.5)

The irreversible heat corresponds to Joule heating and can be expressed as
𝑞̇ 𝑖𝑟𝑟 = 𝑞̇ 𝑗 =

|𝒋|2
𝜎

,

where 𝒋 represents the ionic current density, which can be written as
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(3.6)

𝒋 = 𝐹 ∑𝑛𝑖=1 𝑧𝑖 𝑵𝑖 .

(3.7)

Here, 𝜎 is the electrical conductivity of the eletrolyte, which depends upon local ionic
concentration:
𝐹2

𝜎 = 𝑅𝑇 ∑𝑛𝑖=1 𝑧𝑖2 𝐷𝑖 𝑐𝑖 .

(3.8)

The reversible heat can be written as the sum of four heat generation terms,
𝑞̇ 𝑟𝑒𝑣 = 𝑞̇ 𝑐 + 𝑞̇ 𝑑 + 𝑞̇ 𝑠 + 𝑞̇ 𝑇 ,

(3.9)

𝐣

𝑞̇ 𝑑 = 𝜎 ∙ (𝐹 ∑𝑛𝑖=1 𝐷𝑖 𝑧𝑖 𝛻𝑐𝑖 ),
𝐣

𝑞̇ 𝑠 = 𝜎 ∙

(3.10)

𝑛
3
(𝐹 ∑𝑛
𝑖=1 𝐷𝑖 𝑧𝑖 𝑐𝑖 )(𝑁𝐴 ∑𝑖=1 𝑎𝑖 𝛻𝑐𝑖 )

,

(3.11)

,

(3.12)

3
(1−𝑁𝐴 ∑𝑛
𝑖=1 𝑎𝑖 𝑐𝑖 )

2
𝑛
2
3 𝑒𝐹2 (∑𝑛
𝑖=1 𝑧𝑖 𝑵𝑖 )∙(∑𝑖=1 𝑧𝑖 𝛻𝑐𝑖 )

𝑞̇ 𝑐 = 32𝜋

2
(𝜀0 𝜀𝑟 )3/2 (𝑅𝑇 ∑𝑛
𝑖=1 𝑧𝑖 𝑐𝑖 )
1/2

2
−3 𝑒𝐹2 (∑𝑛
𝑖=1 𝑧𝑖 𝑐𝑖 )

𝑞̇ 𝑇 = 32𝜋 (𝜀

3/2 𝑅 1/2 𝑇 3/2
0 𝜀𝑟 )

1/2

∑𝑛𝑖=1 𝑧𝑖2 𝑵𝑖 ∙ 𝛻𝑇.

(3.13)

The details for the derivation of each heat generation term were very well discussed in Ref.
[9,16]. 𝑞̇ 𝑗 corresponds to the electrolyte resistance, is always positive during cycling. 𝑞̇ 𝑑
and 𝑞̇ 𝑠 are associated with the heat arising from ion diffusion and steric effects,
respectively. Ions release heat as they move in the same direction of the electric field during
charging [10,16]. By contrast, they absorb energy as they travel in the opposite direction
of the electrode field during discharging [10,16]. 𝑞̇ 𝑐 is related to the entropy change. During
charging, ions are highly ordered near the electrode surface resulting in reduced entropy,
while during discharging, ions return to bulk electrolyte resulting in increased entropy
[10,16]. To satisfy the second law of thermodynamics, 𝑞̇ 𝑐 is exothermic during charging
but are endothermic during discharging. Lastly, 𝑞̇ 𝑇 relates to temperature agitation, but its
magnitude very small, thus was neglected in this present study [9,16]. Moreover, the
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magnitude of the overall reversible heat generation rose sharply near the
electrode/electrolyte interface but is negligible throughout the bulk electrolyte.
3.1.3

Initial and boundary conditions
To solve Equation 3.1, 3.2 and 3.4, one initial condition and two boundary

conditions were required for each equation. For the Equation 3.1, the imposed current
density, 𝑗𝑠 , was applied at the cathode. According to the charge conservation, the
displacement current, 𝑗𝑑𝑖𝑠𝑝 , inside the electrolyte domain can be expressed as
𝑗 , during charging
𝜕2 𝜑
𝑗𝑑𝑖𝑠𝑝 = −(𝜀0 𝜀𝑟 ) 𝜕𝑥𝜕𝑡 (0, 𝑡) = { 𝑠
.
−𝑗𝑠 , during discharging

(3.14)

The anode surface was set electrically ground,
𝜑(𝐿, 𝑡) = 0.

(3.15)

The initial electric potential was uniform and equal to zero throughout the electrolyte
domain,
𝜑(𝑥, 0) = 0.

(3.16)

For Equation 3.2, according to the assumption that there was no ion insertion into
the electrode surface, the ion fluxes at the Stern layers near both electrode surfaces were
absent,
𝑁𝑖 (𝐻, 𝑡) = 𝑁𝑖 (𝐿 − 𝐻, 𝑡) = 0.

(3.17)

The initial ion concentration was uniform and equal to the bulk concentration, 𝑐0 ,
throughout the electrolyte domain,
𝑐𝑖 (𝑥, 0) = 𝑐𝑖,0 with ∑𝑛𝑖=1 𝑧𝑖 𝑐𝑖,0 = 0.

(3.18)

For Equation 3.4, at both electrode surfaces were insulated. Thus there was no
heat fluxes flowing in or out the system,
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−𝑘∇T(0, 𝑡) = −𝑘∇T(𝐿, 𝑡) = 0.

(3.19)

Lastly, the initial temperature was uniform and equal to room temperature throughout the
electrolyte domain,
𝑇(𝑥, 0) = 25 °𝐶

(3.20)

Note that electric potential, ion concentrations, and temperature were all continuous across
the Stern/diffuse layer interface.
3.2

Model validations
The goal was to validate the thermal continuum model by quantitatively comparing

the predicted temperature to the measured temperature of Nesscap5000, commercial
supercapacitors, under galvanostatic cycling (from Ref. [11]). Nesscap5000 was tested in
the insulated chamber with a constant current of ±100 A and time per cycle of 200 s. Only
for validation purpose, Equation 3.9 was simplified to the volume-average thermal
equation, which could predict temperatures as just a function of time.
3.2.1

Additional assumptions
Performing calculations on a 3D structure accounting for the porous architecture of

the electrodes and cell constructions were difficult and consumed high computational cost.
However, the calculations on a simple one-dimensional planar structure were possible, but
the predicted temperature difference was small and could not perform a quantitative
comparison to the measured temperature [10,15]. This was because a planar electrode fully
charged rapidly, and its associated charge storage was very small, thus produced a small
amount of heat generation rates [9,10]. Therefore, in this present study, to allow the use of
lD calculations for model validation, the following additional assumptions were required:
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1. Charge surface density (C m-2) was evenly distributed throughout the porous
electrode surfaces throughout charging/discharging cycling.
2. Any planar and porous electrodes possessing the same accessible surface area to
the electrolyte held the same amount of charge under the same boundary conditions,
despite the differences in electrode geometric surface.
3. The magnitude of the reversible heat generation rates near the electrode surface was
not dependent on the electrode geometry, but the amount of stored charge.
4. The commercial supercapacitors Nesscap5000 properties:
1. The total capacitance was 5000 F.
2. The negative and positive electrodes were identical.
3. Each electrode had an areal capacitance of 20 µF cm-2 [11].
4. The electrolyte consisted of 1M tetraethylammonium tetrafluoroborate
(TEABF4) in acetonitrile (ACN).
Assumptions (1-3) were made to enable the use of the 1D planar electrode calculation for
validation purpose. For example, a porous electrode possessing the porous surface of
20,000 m2 (geometric surface = 0.4 m2) and a planar electrode with the planar surface of
20,000 m2 (geometric surface = 20,000 m2) would produce the same amount of the overall
heat generation rates (in W) under the same boundary conditions (applied voltage, or
imposed current). Assumption (4) was made to approximate the supercapacitors
characteristics. An EDLC device consisting of one cathode and anode could be considered
as two capacitors connected in series. According to the assumption 4.2, the capacitance of
each electrode is equal to 2 times of the total integral capacitance (CA = CC = 2CT).
Corresponding to the total capacitance of 5000F, the integral capacitance of each electrode
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was 10,000 F. As each electrode had the areal capacitance of 20 µF cm-2, the accessible
surface of each electrode was equal to 50,000 m-2. Lastly, the average input current density
(A m-2) was derived by using, ja = I/As, where I is the imposed input current (A).

3.2.2

Calculation of the irreversible heat
The irreversible joule heating derived in the thermal continuum model, 𝑞̇ 𝑗 , was only

associated with the electrolyte resistance. However, the resistances of the whole EDLC
devices also included (i) contact resistance between the electrode and the current collector,
(ii) resistance associated with ions moving through separators and porous electrode, (iii)
resistance of the electrode materials. Therefore, to reflect the reality, the total amount of
the irreversible heat was not reasonable to obtain only from 𝑞̇ 𝑗 . Instead, the simple
relationship below was used to calculate the irreversible heat, 𝑄𝑖𝑟𝑟 (W)
𝑄𝑖𝑟𝑟 = 𝐼 2 𝑅

(3.21)

where R is the equivalent series resistance measured from experiments, which included all
type of resistances (R = 0.33 mΩ).

3.2.3

Calculation of the reversible heat
The spatiotemporal evolution of the ion concentration and local electric potential

obtained from solving Equation 3.1-3.3 were used to calculate the reversible heat terms 𝑞̇ 𝑑 ,
𝑞̇ 𝑠 and 𝑞̇ 𝑐 (Equation 3.15-3.17).
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3.2.3.1

Boundary conditions
Boundary conditions and timing were chosen to correspond to the experiments.

Nesscap5000 was tested with ±100A and the duration of the charging/discharging step was
100 s. Thus, for simulation, the magnitude of imposed current density at the cathode (js =
I/As) was 2 mA m-2 with a cycle period of 200 s.

3.2.3.2

Electrolyte properties
The electrolyte used in NESSCAP5000 consisted of 1M TEABF4 dissolved in

ACN. Thus the bulk concentration, c0, and initial conditions for each ion species is 1 mol
L-1. The relative permittivity of the electrode was taken as the property of ACN solvent i.e.
𝜀𝑟 = 37.5. The diffusion coefficient, D, and effective diameter of TEA+ and BF4- , 𝑎, are
assumed identical and equal to 0.8 x 10-9 m2 s-1 and 0.65 nm, respectively.

3.2.3.3

Method of solution
The thickness of the electrolyte domain was L = 1 µm. The thickness of the Stern

layer was 0.325 nm (𝐻 = 𝑎/2). Note that the domain size was not important since the
reversible heat accumulated in order of a few nanometers near the electrode surface and
was vanished in the bulk electrolyte. Also, the reversible heat was independent of the
domain size [9,10]. The element size was extremely small at the Stern/diffuse layer
interface to serve high ion concentration gradient, and the size was increased as away from
electhe trode surface. The absolute tolerance and relative tolerance were chosen as 0.001
and 0.01, respectively.
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3.2.3.4

Post-processing
To obtain the overall reversible heat generation rate as a function of time, each

contribution to the reversible heat generation rate were summed, then integrated over the
entire electrolyte domain. The overall reversible heat (in W m-2) can be written as
𝐿

′′
𝑄𝑟𝑒𝑣
(𝑡) = ∫0 (𝑞̇ 𝑑 + 𝑞̇ 𝑠 + 𝑞̇ 𝑐 )𝑑𝑥

(3.22)

The total heat generation (in W) inside the commercial capacitor can be calculated by
′′
multiplying the porous electrode surface, 𝐴𝑠 = 50,000 m2, to 𝑄𝑟𝑒𝑣
(𝑡).

3.2.3.5

Thermal equation
For validation purpose, the temperature evolution was governed by the volume-

average thermal equation, which can be expressed as
𝜕𝑇

′′ (𝑡).
𝐶 𝜕𝑡 = 𝑄𝑖𝑟𝑟 (𝑡) + 𝐴𝑠 𝑄𝑟𝑒𝑣

(3.23)

Here, C is the heat capacity of the device which is equal to 1118 J/K for Nesscap5000 [11].
Since the overall reversible heat obtained in each time step is in the discretized data set,
applying the discretized integration yields
𝑇(𝑡) = ∑𝑡𝑛=0

3.2.4

′′
𝐼 2 𝑅+𝐴𝑄𝑟𝑒𝑣

𝐶

∆ 𝑡 + 𝑇0 .

(3.24)

Validation results
Figure 3.3 illustrates the temporal evolution of each reversible heat generation term

per unit area in one cycle. All the reversible heat terms were exothermic during charging
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but endothermic during discharging. The reversible heat generation profile was likely
antisymmetric, and thus the amount of absorbed heat and released heat were identical. The
heat arising due to the concentration gradient, 𝑄𝑐′′ , had the least contribution to the total
heat generation rates; however, the heat arising due to the ion diffusion, 𝑄𝑑′′ , tend to
contribute the most. The heat arising due to steric effects, 𝑄𝑠′′ , was small at the beginning,
but sharply rose at the end of the charging step.
Figure 3.4 plots the predicted temperature by Equation 12, the predicted
temperature from Ref. [13], and the measured temperature of Nesscap 5000 F as a function
of time [11]. Equation 3.23 slightly overpredicted the temperature oscillation. The
differences in the magnitude of the predicted temperature and the measured temperature
profile were less than 1 Cº, and thus acceptable. Accordingly, the thermal model was valid
for its applications. However, phase-shift could be observed in the predicted temperature.
The primary reason was that Equation 3.23 did not account for the heat conduction, while
in the experiment, the temperature was measured on the supercapacitor surface, and the
heat was generated inside the supercapacitors cell.
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Figure 3.2

Figure 3.3

The plot of each reversible heat terms per unit area as a function of time.

The plot of predicted and measured temperature as a function of time.
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CHAPTER IV
HEAT GENERATION RATES OF THE LEAVES-ON-BRANCHLETS ELECTRODES
4.1
4.1.1

Thermal Analysis
Assumptions and schematic
Figure 4.1 illustrates the schematic of the bioinspired leaves-on-branchlets

electrodes structure consisting of a carbon nanotube decorated with a graphene petal. The
rectangular electrolyte domain with the dimension of 70 x 58 x 200 nm covered all the
electrode surface. The graphene petal was tilted facing the top electrolyte surface boundary
with the angle of 60º to the x-axis.
The following assumptions were made to follow the model assumptions, to best
reflect the realistic case of EDLC devices, and to reduce computational cost and time:
i.

There was no chemical reaction or ion insertion into the electrode surface.

ii.

The electrolyte consisted of 1M of potassium hydroxide (KOH) dissolved
in water.

iii.

The effective ions diameters of K+ and OH- ion were identical, 𝑎1 = 𝑎2 = 𝑎.

iv.

The dissociation of the electrolyte was complete.

v.

The advection was negligible.

vi.

Electrolyte properties were constant and independent of local electrical
potential and temperature.

vii.

The Stern layer was not accounted.

viii.

External heat generation was neglected.
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Figure 4.1
4.1.2

The schematics of the bioinspired leaves-on-branchlets electrodes

Governing equations
According to the assumption that the Stern layer was neglected, the electric double

layer structure was reduced to Gouy-Chapman model, which considers only the diffuse
layer. The diffuse layer contains mobile ions moving under the competing influences of
electrostatic force and diffusion. The spatiotemporal evolution of the ion concentrations
and local electric potential were governed by the modified Poisson-Nernst-Planck
equation. Considering binary and symmetric electrolyte, Equation 4.1-4.3 can be reduced
to
−𝛻(𝜀0 𝜀𝑟 𝛻𝜑) = 𝐹(𝑐1 − 𝑐2 ),
𝜕𝑐𝑖
𝜕𝑡

where 𝑵𝒊 = −[𝐷𝑖 𝛻𝑐𝑖 +

= −𝜵 ∙ 𝑵𝒊 ,

𝑧𝑖 𝐹

𝐷 𝑐 𝛻𝜑 +
𝑅𝑇 𝑖 𝑖
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𝐷𝑖 𝑁 𝐴 𝑐𝑖 𝑎 3
∑𝑛𝑖=1 𝑎3 𝛻𝑐𝑖 ].
1−𝑎3 𝑁𝐴 ∑𝑛
𝑖=1 𝛻𝑐𝑖

(4.1)
(4.2)
(4.3)

Equation 4.1 and 4.2 govern the local electric potential φ (x, y, z, t), and ion concentrations
ci (x, y, z, t), respectively. The three terms on the right-hand side of Equation 4.3 correspond
to the ion fluxes due to diffusion, migration, and finite ion size, respectively.
The internal heat generation terms can be described as a function of ion
concentration ci, concentration gradient ∇ci, ion flux Ni, conductivity of electrolyte σ, and
ionic current density vector j. These variables can be obtained by solving the modified
Poisson-Nernst-Plank equation. The irreversible Joule heating is expressed as
𝑞̇ 𝑗 =

|𝒋|2
𝜎

(4.4)

.

For the reversible heat generation terms, considering one positive (i = 1) and one negative
(i = 2) chemical species with ion valency of +1 and -1, respectively, and identical effective
ion diameter, Equation 3.10-3.13 can be rewritten as
F

𝑞̇ 𝑑 = 𝜎 𝒋 ∙ (𝐷1 𝛻𝑐1 − 𝐷2 𝛻𝑐2 ),
𝑞̇ 𝑠 =

𝐹𝑎3 𝑁𝐴 (𝐷1 𝑐1 −𝐷2 𝑐2 )
𝜎[1−𝑎3 𝑁𝐴 (𝑐1 +𝑐2 )]
𝑒𝐹2

3

𝑞̇ 𝑐 = 32𝜋 (𝜀

𝒋 ∙ ∇(𝑐1 + 𝑐2 ),

−3

𝑒𝐹2 (𝑐1 +𝑐2 )1/2
3/2 𝑅 1/2 𝑇 3/2
0 𝜀𝑟 )

(4.6)

(𝑁1 + 𝑁2 ) ∙ ∇(𝑐1 + 𝑐2 ),

(4.7)

(𝑁1 + 𝑁2 ) ∙ 𝛻𝑇.

(4.8)

3⁄2 𝑅1⁄2 𝑇 1⁄2 (𝑐 +𝑐 )1⁄2
0 𝜀𝑟 )
1
2

𝑞̇ 𝑇 = 32𝜋 (𝜀

(4.5)

Equation 4.4 - 4.8 are associated with the heat generation rate arising from electrolyte
resistance, ion diffusion, steric effects, entropy change due to ion concentration gradient,
and temperature gradient, respectively. The heat arising due to temperature gradient, 𝑞̇ 𝑇 ,
was neglected since this work focused on calculation heat generation rates. However, in
the future studies as the temperature rise is significant, 𝑞̇ 𝑇 will be included.
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4.1.3

Initial and boundary conditions

4.1.3.1

Poisson equation
The initial condition for electric potential φ was assumed to be uniform and equal

to zero,
𝜑(𝑥, 𝑦, 𝑧, 0) = 0.

(4.9)

The top boundary surface of the electrolyte domain, St, was electrically ground,
𝜑(𝑆𝑡 , 𝑡) = 0.

(4.10)

The electric potential φs was set constant throughout the electrode surface Se,
𝜑(𝑆𝑒 , 𝑡) = 𝜑𝑠 .

(4.11)

This study aims to simulate the half-cell, considering only positive electrode. So, the
applied constant voltage on the electrode was positive and ranged from 0.1-0.5 V. Note
that 0.5 V is the maximum safety electric potential for simulated half-cell in aqueous
electrolyte.
4.1.3.2

Modified Nernst-Planck equation
The initial ion concentrations, 𝑐𝑖 (𝑥, 𝑦, 𝑧, 𝑡), were uniform and equal to the bulk

concentration, 𝑐0 , throughout the electrolyte and were zero in the electrode domain
𝑐1 (𝑥𝑒 , 𝑦𝑒 , 𝑧𝑒 , 0) = 𝑐2 (𝑥𝑒 , 𝑦𝑒 , 𝑧𝑒 , 0) = 𝑐0

(4.12)

𝑐1 (𝑥𝑠 , 𝑦𝑠 , 𝑧𝑠 , 𝑡) = 𝑐2 (𝑥𝑠 , 𝑦𝑠 , 𝑧𝑠 , 𝑡) = 0.

(4.13)

All boundary surfaces of the electrolyte domain, Ss, were set equal to the bulk
concentration,
𝑐𝑖 (𝑆𝑠 , 𝑡) = 𝑐0.

(4.14)

Moreover, based on the assumption that there was no ion insertion into the electrode
surface, the ion fluxes were absent at the electrode surface,
37

𝑵𝒊 (𝑆𝑒 , 𝑡) = 0.
4.1.4

(4.15)

Electrolyte properties
The electrolyte was potassium hydroxide (KOH) dissolved in water. The diffusion

coefficient of K+ (i = 1) and OH- (i = 2) were D1 = 1.9 x 10-9 m2 s-1, and D2 = 5.3 x 10-9 m2
s-1 [9], respectively. The bulk concentration for each species was 1 M. The dielectric
constant for the electrolyte was chosen as the dielectric constant of the aqueous solvent at
room temperature, 𝜀𝑟 = 78.5. The effective diameter, a, of each ion species was assumed
to be identical and equal to 0.66 nm [9].
4.1.5

Meshing and solver
The tetrahedral mesh density was increased near the electrode/electrolyte interface,

especially at the sharp edges of the graphene petal where high concentration gradient was
likely to occur. The segregated solver, a solver option in COMSOL Multiphysics 5.3, was
selected to solve the nonlinear Poisson-Nernst-Planck equations. The segregated approach
allowed to solve each physic separately in a designed sequence. In this study, the Poisson
equation was firstly solved, then its solutions were passed to the mass conservation
equations. If the solutions had not yet been converged, the solutions would feed back to
the Poisson equation thus the next iteration begins. The calculations were run until the
system reached the equilibrium state (from t = 0 - 400 µs). Note that the steady state could
be achieved in the microsecond time scale since ions response to the charged surface almost
instantaneously [1]. For each equation, the absolute tolerance and relative tolerance were
0.001 and 0.01, respectively.
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4.2
4.2.1

Results and discussions
Distribution of heat generation rates on the electrolyte domain
Figure 4.2 shows the 1D plot of the heat generation rates on the cut line at the

equilibrium voltage of 0.5 V. The cut line started at point o, perpendicularly cut through
the electrode surface, and ended at the end of the arrow (as shown in inlet). In the electrode
domain, all heat generation terms were absent since the electrode domain contained no
chemical species whose movement and distribution are responsible for the heat generation
rates. By contrast, in the electrolyte domain, the charged surface led to the ion movement
and large gradient of ion concentration, resulting in huge amount of heat generations near
the electrode. The total heat generations rose only at the vicinity around the electrode, and
reached its peak at the electrode surface. However, the total heat generation profile was
likely to decrease away from the electrode surface gradually.
Moreover, the magnitude of the irreversible Joule heating, 𝑞̇ 𝑗 , is relatively small
comparing with the reversible heat generation terms. The reversible heat, 𝑞̇ 𝑠 , arising due to
steric effects sharply rose very near the electrode surface and was likely to contribute the
most to the overall heat generation. The sharp rise in 𝑞̇ 𝑠 near the electrode surface resulted
from the concentration of counterions that almost reached the theoretical maximum values.
On the other hand, as ions were far from reaching the maximum concentration, the
magnitude of the reversible heat arising due to concentration gradient, 𝑞̇ 𝑐 , is the largest of
all heat generation terms.
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Figure 4.2
4.2.2

The 1D plot of heat generation rate along the cut line under constant
voltage of 0.5 V

Distribution of heat generation rates on the electrode surface
The irreversible Joule heat was small compared with the reversible heat terms. The

reversible heat terms were likely to reach their peaks at the electrode surface, except 𝑞̇ 𝑐 .
Thus, the spatial evolution of each heat generation term on the electrode surface can help
to identify the potential hot spot.
Figure 4.3 (a) indicates that the heat arising due to ion diffusion, 𝑞̇ 𝑑 , largely
aggregated along the edge region of the graphene petal and sharply decreased away from
the edges. Figure 4.3 (b) shows that the magnitude of the heat arising due to ion repulsion,
𝑞̇ 𝑠 , was extremely large at the tip of the graphene petal, particularly along the sharp edge.
However, the amount of heat, 𝑞̇ 𝑠 , is relatively small throughout the graphene petal’s body.
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Figure 4.3 (c) shows the heat generation arising due to concentration gradient, 𝑞̇ 𝑐 , was
only accumulated along the edge near the tip of the graphene petal, but reduced
significantly at the graphene petal’s body. The distribution of each reversible heat
generation term indicates that the hot spot hypothetically located at the edge, particularly
at the tip of the graphene petals.
The reason that all reversible heat generation terms aggregated along the edge and
the tip of the graphene petal is likely due to the distribution of counterions on the electrode
surface. Figure 4.4 illustrates that the counterions (OH-) were attracted mainly to the edge.
Large ion concentration gradients in the electrolyte domain contributed to the dramatic
increase in 𝑞̇ 𝑑 and 𝑞̇ 𝑐 at the edge. The concentration of OH- largely accumulated and almost
reached the theoretical maximum value at the tip of the graphene petal. This contributed to
the extremely large magnitude of 𝑞̇ 𝑠 at the tip.
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Figure 4.3

Contour distribution of the reversible heat generation rates arising due to (a)
ion diffusion, (b) steric effects, and (c) ion concentration at the equilibrium
voltage of 0.5V

Figure 4.4

Contour distribution of concentration of negative ion (OH-) on the positive
electrode surface at the equilibrium voltage of 0.5V
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4.2.3

Voltage dependence of the reversible heat generation
To compare the amount of each heat generation term at different voltages, the

average heat generation over the graphene petals surface was used,
𝑞̇ 𝑎𝑣𝑒𝑟𝑎𝑔𝑒 =

∬ 𝑞̇ 𝑑𝑆
.
𝐴

(4.16)

At the equilibrium voltage of 0.5, the magnitude of the total reversible heat was
approximately 100 times larger the magnitude of the total reversible heat at the equilibrium
voltage of 0.1. For the voltages ranging from 0.1 to 0.5 V, the heat generation arising from
concentration gradient, 𝑞̇ 𝑐 , was the smallest of all reversible heat terms. At the low
equilibrium voltage, the heat generation arising from ion diffusion, 𝑞̇ 𝑑 , was likely to
contribute the most to the overall heat generation. At the voltage higher than 0.4 V, the
heat arising from steric effects 𝑞̇ 𝑠 , was larger than 𝑞̇ 𝑑 . This is probably because at the high
voltage, counterions were attracted to the electrode surface, and ion concentrations tend to
reach the maximum concentration.
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Figure 4.5

The average reversible heat generation rates distributed on the electrode
surface as a function of equilibrium voltage.
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CHAPTER V
CONCLUSION
5.1

Conclusion
The continuum thermal modeling was successfully validated to the measured

temperature of the commercial supercapacitors with the key assumption that the thermal
behavior of the porous electrode and the planar electrode are similar. The total heat
generation rate increased near the electrode vicinity and significantly decreased away from
the electrode surface. The magnitude of the irreversible Joule heating is very small near the
electrode surface compared with other heat generation terms. The heat arising from steric
effects, 𝑞̇ 𝑠 , was very large at the tip of the graphene petal as ions concentrations were about
to reach the maximum value. This indicates that the graphene petal potentially exhibited
the hot spot. Moreover, at the equilibrium voltage of 0.5, the magnitude of the total
reversible heat was approximately 100 times larger the magnitude of the total reversible
heat at the equilibrium voltage of 0.1.
5.2

Future work
This study successfully calculated the predicted spatiotemporal evolution of heat

generation rates at different constant equilibrium voltages. The results will be passed to the
future studies to predict the temperature evolution during operation. The predicted
temperature evolution will lead to the thermal management strategies, which help to
alleviate the high-temperature rise and to prevent local failure in the bioinspired leaves-onbranchlet electrode based EDLCs. Also, the temperature evolution could help to identify
the local hot spot, which may help engineers to develop a new class of electrode materials.
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Also, the thermal continuum model could be extended to account for temperaturedependent properties of the electrolyte to study the thermal effects on electrochemical
performance.
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